We have prepared a multi-component nanoporous PtRuCuW (np-PtRuCuW) electrocatalyst via a combined chemical dealloying and mechanical alloying process. The X-ray diffraction (XRD), transmission electron microscopy (TEM) and electrochemical measurements have been applied to characterize the microstructure and electrocatalytic activities of the np-PtRuCuW. The np-PtRuCuW catalyst has a unique three-dimensional bi-continuous ligament structure and the length scale is 2.0 ± 0.3 nm. The np-PtRuCuW catalyst shows a relatively high level of activity normalized to mass (467.1 mA mgPt
Introduction
In recent decades, there are increasing requirements for high-efficiency and eco-friendly energy to cope with environment problems, such as the depletion of energy and pollution. Direct methanol fuel cells (DMFCs) meet the above requirement and are important for the automotive industry [1, 2] . As an important component, the state-of-the-art electrocatalysts must ensure the methanol oxidation reaction (MOR) at anode and oxygen reduction reaction (ORR) at cathode to generate electricity with water and carbon dioxide as the byproducts [1, 3] . The use of current catalysts has several disadvantages including the low catalytic efficiency as well as CO tolerance, and sluggish kinetics towards ORR. Much effort has been dedicated to alloying Pt with other metals (e.g., Fe [4] , Co [5] [6] [7] , Ni [5, 8, 9] , Cu [10] , Sn [11] , etc.) to improve electrochemical activities. For high-activity applications of DMFCs, PtRu alloy remains the most active electrocatalyst due to its unique reaction mechanism [12, 13] . Based upon the bi-functional and electronic effects [14] [15] [16] , the electrocatalytic performance of catalysts could be significantly enhanced through compositional design of catalysts. For instance, W/Mo-modified PtRu/C showed improved electro-oxidation activity in comparison to the un-modified PtRu/C [17] . The PtRuOsIr showed better activity compared to PtRuOs and PtRuIr [3] .
Traditional preparation methods for Pt-based alloys have been focusing on microemulsions [18, 19] , microwave irradiation [20] , electrodeposition [21] and chemical reduction [3, 22] . These processes are limited to the tunability of alloy composition, cockamamie, and not suitable for batch production, which hampers the commercialization of DMFCs. Thus, although there are obvious advantages in multicomponent catalysts, most of the prior studies were restricted to the synthesis of binary and ternary alloys. In contrast, facile dealloying has shown its advantage in preparing nanoporous metals/alloys. Thus, materials with unique nanoporous structure possess intriguing physical and chemical properties to generate promising potentials for various important applications such as sensors [23] , mechanical actuators [24] and catalysis [25, 26] .
From the viewpoint of activity and accessibility, Cu are W are superior candidates as indispensible component in catalysts. In previous work, PtRuCu [27, 28] and PtRuW [29, 30] ternary alloys have received unremitting interest. As part of the continuing effort in new catalyst exploration, the nanoporous PtRuCuW (np-PtRuCuW) alloy was synthesized through mechanical alloying and subsequent mild chemical dealloying process in the present paper. This new catalyst was characterized with electrochemical measurements at the anode as well as cathode for DMFCs. Our results show that the np-PtRuCuW catalyst performs better than the commercial PtC and PtRu catalysts. Furthermore, the catalyst can be synthesized in gram-scale, which makes repeatable experiments in laboratory possible and batch preparation in factory reliable. Given the advantages, including easy access to component design, simplicity in the fabrication process and the enhanced activity, we hope that the combination of mechanical alloying with dealloying provides an efficient way to design multicomponent catalyst materials. Figure 1 shows the X-ray diffraction (XRD) patterns of the Al66Cu30(Pt53Ru32W15)4 precursor alloy and the as-dealloyed samples. In Figure 1a , a number of diffraction peaks appear on the pattern of the as-milled Al66Cu30(Pt53Ru32W15)4 precursor, which can be ascribed to a Al4Cu9-type (PDF No. 65-3347) intermetallic phase and Ru (PDF No. 06-0663). In addition, there is a sharp peak around scattering angles (2θ) of ca. 40° which can be ascribed to PtRu. A little amount of Ru dissolved during the dealloying process, leading to the reduction of peak intensity and increase of peak width around 40° [31] . The XRD spectrum presents obviously broadened Bragg peaks at scattering angles (2θ) of ca. 40.8°, 47.1° and 69.4° (Figure 1b ) compared to the precursor alloy. These signals consist with the face-centered cubic (f.c.c.) Pt (PDF No. 04-0802) in spite of the shifting of Bragg peaks. In addition, the Ru diffraction peaks still exist after dealloying (Figure 1b) . Due to the minor addition of Ru (only 1.28 at %) into the precursor, the strong diffraction peaks of Ru also suggest the alloying of other elements (Pt, W and Al) with Ru to form a solid solution. Also, it is understandable to assume that the alloying of Pt with Ru as well as Cu and W results in the shift towards higher Bragg angles [32] . The chemical component of the as-dealloyed samples was characterized by EDX and one typical spectrum is presented in Figure 1c . The corresponding results reveal that the sample is composed of Pt (56.2 at %), Ru (18.7 at %), Cu (14.2 at %) and W (10.9 at %), with a minor residual Al (only few atom percent) could be detected in the as-dealloyed samples. As shown in Figure 2a ,b, the final samples display a nanoporous structure composed of interconnected nanoscaled ligaments (2.0 ± 0.3 nm in size) and bi-continuous channels. Besides the ultrafine ligament/channel structure, nanoparticles embedded in the nanoporous matrix are observed, and one particle is marked by a red arrow in Figure 2b . The unique nanostructure results from the dealloying process and similar phenomenon has been studied before [33, 34] . The diffraction rings come from the nanoporous matrix and correspond to (111), (200), (220) and (311) 
Results and Discussion

Microstructural Characterization of np-PtRuCuW
Catalytic Activity of np-PtRuCuW at Anode
The activation step results in the catalyst surface cleaning and typical electrochemical features including the typical hydrogen ad/desorption, double layer and metallic redox region [35] . In addition, less-noble metals dissolution would happen when applying potential cycling to multi-metallic alloys [32, 36, 37] . For np-PtRuCuW, the CV features are different from the PtC and PtRu catalysts (Figure 3a) . Firstly, there are broader double electric layer and a more featureless shoulder region than PtC. Moreover, the reduction peak of Pt oxides shifts to a more positive direction compared to the PtC and PtRu catalysts (as highlighted by dotted line in Figure 3a) . The characteristics are typical to multi-component alloys [7, 27, 32, 36, 37] . Normally, the electrochemically active surface area (ECSA) can be obtained from the equation ECSAPt (m 2 /g) = QH/(2.1 × mPt) by integrating the hydrogen ad/desorption charge and using the value of 2.1 C m −2 for the oxidation of a monolayer of hydrogen on a polycrystalline Pt electrode [35, 38] Figure 3b , the specific activity of the np-PtRuCuW is 1.8 mA cm −2 , which is 3.6 and 2.9 times that of the PtC and PtRu catalysts (0.5 and 0.63 mA cm ). It can be seen that the peak potentials are comparable for all catalysts while the ratio of the forward anodic peak current density (If) to the reverse anodic peak current density (Ib) is different. It has been studied that the electro-oxidation of methanol molecules results in the formation of current peak in the forward scan and the removal of the incompletely oxidized carbonaceous species contributes to the current peak in the reverse scan [39] . Hence, the ratio If/Ib can be used to measure the tolerance to carbonaceous species [4, 36, 40] . The values for the np-PtRuCuW, PtC and PtRu are 1.29, 0.91 and 1.75, respectively, which indicates the higher CO tolerance of np-PtRuCuW than PtC while shows disadvantage compared to PtRu.
The subsequent CO tolerance experiment was carried out to characterize our np-PtRuCuW catalyst directly. As shown in Figure 4 , the CO stripping peak of np-PtRuCuW (0.47 V vs. SCE) is more positive than PtRu catalyst (0.33 V vs. SCE). However, there is a remarkable negative shift (about 200 mV) compared to the PtC (0.67 V vs. SCE). It is interesting to observe that the stripping curve of np-PtRuCuW presents two CO oxidation peaks, a first peak centered at about 0.47 V (vs. SCE) and the second one close to 0.55 V (vs. SCE). Moreover, the onset potential for CO stripping is located at around 0.35 V (vs. SCE), which is comparable to the peak potential of PtRu. This also suggests the good CO tolerance of our np-PtRuCuW catalyst. Maillard et al. [41] observed that catalysts comprising Pt nanoparticles with 2 to 6 nm size exhibited better CO tolerance. Their observations are consistent with our results, which indicate that Pt-based alloys with ligament size of 2.0 ± 0.3 nm have been successfully fabricated. ).
During the oxidation of methanol on np-PtRuCuW, Pt accomplishes the dissociative chemisorption of methanol and the alloyed metals (Ru, Cu and W) form oxyhydroxide, which extracts an active oxygen to oxidize the carbonaceous residues to CO2 [42, 43] . The three-dimensional bi-continuous structure with interconnected channels and nano-sized ligaments in np-PtRuCuW can facilitate the transportation of molecules and electrons, which greatly improves the reaction kinetics. On the basis of these effects, the present np-PtRuCuW alloy shows superior activity to the commercial PtC and PtRu catalysts. The result also indicates enhanced electrocatalytic performance compared to trimetallic (PtRuCu [27, 28] and PtRuW [29, 30] ). Figure 5a displays the CVs of the np-PtRuCuW and PtC catalysts in the N2-saturated 0.1 M HClO4 solution. Similar to our experiments at anode, the reduction peak of Pt oxides shows a slight positive shift for the np-PtRuCuW catalyst than that of PtC, indicating earlier onset of Pt-O(H) reduction [44, 45] . The polarization results for the ORR on the np-PtRuCuW and PtC electrodes are shown in Figure 5b . It is obvious that the polarization curve of the np-PtRuCuW catalyst shifts to a more positive position than PtC. At cathode, the diffusion-limited region (below 0.8 V vs. RHE) suggests a four-electron transfer reaction and indicates low hydrogen peroxide formation [46] . The half-wave potential of the np-PtRuCuW alloy is located at 0.877 V vs. RHE, 13 mV positive shift compared to PtC catalyst (0.864 V vs. RHE). The present results indicate a greatly enhanced ORR activity of np-PtRuCuW. According to the Tafel plots (Figure 5c ), the np-PtRuCuW catalyst shows better specific activity than the commercial PtC at the whole selected potential region (0.85~0.95 V vs. RHE). Additionally, the Tafel curve of the np-PtRuCuW catalyst is parallel to that of the commercial PtC, which can be observed directly from the plots. This potential region corresponds to ORR when the hydroxyl species (OHads) at Pt active sites and determines the electrode activity. Therefore, the plots demonstrate the similar ORR processes on the np-PtRuCuW and commercial PtC catalysts in acidic media [47, 48] . The kinetic current densities at 0.90 V vs. RHE represent the activities towards ORR and were calculated by the Koutecky-Levich equation from the ORR polarization curves. The kinetic current densities were normalized by the ECSA to obtain the specific activity in Figure 5d , respectively. [46, 49] . After alloying with Ru, Cu and W, the lattice parameter of Pt changes which would bring about ligand and strain effects. This will accelerate the scission of the O-O bond and the formation of the OHads, thus increasing the O2 reaction rate [50, 51] . On the other hand, the hydrogenation rates of OHads intermediates enhanced and reduced the coverage of Pt surface because of alloy effect [52] . These could rationalize that the present np-PtRuCuW alloy shows improved catalytic performance towards ORR relative to the commercial PtC catalyst.
Catalytic Activity of np-PtRuCuW towards ORR
Experimental Section
Synthesis and Characterizations of np-PtRuCuW
A multi-component Al66Cu30(Pt53Ru32W15)4 alloy (nominal composition, at %) was chosen as the precursor and prepared by milling a mixture of pure elemental powders (i.e., Al, Cu, Pt, Ru and W with 99.9 wt. % purity) as before [34, 53] . Then, dealloying of the Al66Cu30(Pt53Ru32W15)4 alloy powders was carried out in a 1 M HNO3 solution at room temperature until no obvious bubbles emerged. After the facile dealloying, the samples were rinsed using distilled water and dehydrated alcohol to gain the final np-PtRuCuW catalyst.
X-ray diffractometer (XRD, Rigaku D/max-rB, Osaka, Japan) with Cu Kα radiation was used to analysis the X-ray diffractograms of the Al66Cu30(Pt53Ru32W15)4 precursor and as-dealloyed samples. The chemical compositions of the as-dealloyed samples were obtained by an energy-dispersive X-ray (EDX) analyzer in an area-analysis mode (a typical area of 50 µm × 50 µm). Transmission electron microscope (TEM, FEI Tecnai G2, Pleasanton, CA, USA) and high-resolution TEM (HRTEM, FEI Tecnai G2, CA, USA) were also applied to characterize the microstructure. In addition, selected-area electron diffraction (SAED) and fast Fourier transform (FFT) patterns were obtained from the corresponding images.
Electrochemical Characterization
The ORR and MOR measurements were performed using a standard three-electrode cell with a CHI 760E Potentiostat (CH Instruments, Shanghai, China). The reference electrode was saturated calomel electrode (SCE) and the counter electrode was a bright Pt plate. The catalyst ink preparation and measurement conditions were consistent with our previous report [34, 53] . For comparison, we benchmarked the electrochemical properties of the np-PtRuCuW against the commercial (Johnson's Matthey, Pennsylvania, PA, USA) PtC and PtRu catalysts under identical experimental conditions.
Conclusions
In conclusion, a novel np-PtRuCuW catalyst has been explored through the combination of a mechanical alloying with the subsequent simple chemical dealloying step. The facile and green technique shows great advantages in the design of multiple component nanostructured alloy electrocatalysts. The np-PtRuCuW catalyst with a unique ligament/channel structure shows enhanced catalytic activity for methanol oxidation at anode compared to PtC and PtRu catalysts. Furthermore, the catalyst also indicates enhanced catalytic activity towards oxygen reduction reaction at cathode. Our results provide a novel strategy for the design of precursor alloys and fabrication of multi-component nanoporous alloy catalysts for DMFCs.
